Curcumin, an extract from the turmeric rhizome (Curcuma longa), is known to exhibit antiinflammatory, antioxidant, chemopreventive and antitumoral activities against aggressive and recurrent cancers. Accumulative data indicate that curcumin may induce cancer cell death. However, the detailed mechanism underlying its pro-apoptotic and anti-cancer effects remains to be elucidated. In the present study, we examined the signaling pathways triggered by curcumin, specifically, the exact molecular mechanisms of curcumin-induced apoptosis in highly metastatic human prostate cancer cells. The effect of curcumin was evaluated using for the first time in prostate cancer, a gel-free shotgun quantitative proteomic analysis coupled with Tandem Mass Tag isobaric labeling-based-signaling networks. Results were confirmed at the gene expression level by qRT-PCR and at the protein expression level by western blot and flow cytometry. Our findings revealed that curcumin induced an Endoplasmic Reticulum stress-mediated apoptosis in PC3. The mechanisms by which curcumin promoted cell death in these cells were associated with cell cycle arrest, increased reactive oxygen species, autophagy and the Unfolded Protein Response. Furthermore, the upregulation of ER stress was measured using key indicators of ER stress: Glucose-Regulated Protein 78, Inositol-Requiring Enzyme 1 alpha, Protein Disulfide isomerase and Calreticulin. Chronic ER stress induction was concomitant with the upregulation of pro-apoptotic markers (caspases 3,9,12) and Poly (ADP-ribose) polymerase. The downregulated proteins include anti-apoptotic and anti-tumor markers, supporting their curcumin-induced pro-apoptotic role in prostate cancer cells. Taken together, these data suggest that curcumin may serve as a promising anticancer agent by inducing a chronic ER stress mediated cell death and activation of cell cycle arrest, UPR, autophagy and oxidative stress responses.
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Introduction
Prostate cancer (Pca) is one of the most common malignancies and the second leading cause of tumor-related mortality in American males [1] . Conventional therapies produce a high rate of cure for patients with localized prostate cancer by surgical therapy, but there is no cure once the disease has spread beyond the prostate. In spite of advances in chemotherapy, Pca therapies have not been completely successful in eradicating the disease and have been found to be toxic to normal patient cells [2] , thus, new agents are needed to selectively kill cancer cells. For the past several centuries, natural products/dietary phytochemical compounds have been used in the treatment of cancer and are still the major source of new drug development. Among nontoxic natural compounds, curcumin, the active ingredient in Curcuma longa, is known for its ability to target cancer cells and for its therapeutic and anti-invasive properties [3] [4] [5] . Curcumin is a natural phenolic compound that has been studied for its anti-proliferative, antiinflammatory, and anti-oxidative properties [6, 7] . The purpose of the present study was to investigate the effects of curcumin on highly metastatic human prostate cancer cells (PC3) and the mechanisms underlying its anticancer and anti-apoptotic properties. We speculate that curcumin alters the expression of proteins associated with pro-apoptotic mechanisms, one of them being chronic ER stress mediated cell death. When the cell undergoes cytotoxic conditions, protein misfolding occurs, leading to unfolded proteins aggregating in the ER. To correct misfolding, the cell triggers the unfolded protein response (UPR). Chaperones and folding enzymes, such as the 78-kD Glucose-Regulated Protein (GRP78), protein disulfide isomerase (PDI), eukaryotic translation initiation factor 2 alpha (eIF2α), and calreticulin (CALR) have been shown to play a key role in this process. Under acute ER stress conditions, the cell resorts to survival, while chronic ER stress triggers cell death. The microenvironments of cancerous cells have been shown to exert ER stress resistance, which is required for the survival and growth of tumors. However, prolonged or severe ER stress may ultimately overwhelm the cellular protective mechanisms, triggering cell death through specific programmed cell death pathways [8] . Apoptosis prompted by chronic ER stress can occur through the intrinsic pathway, which is activated by the transcription factor CCAAT-enhancer-binding protein homologous protein (CHOP) and subsequent caspase activation [3] .
UPR and ER stress may induce the activation of alternative stress pathways such as autophagy, reactive oxygen species (ROS) responses, cell cycle arrest, among others [9] . Autophagy is initiated by encapsulation of cytoplasmic components (proteins and organelles) within isolation membranes to form autophagosomes. These structures eventually fuse with lysosomes and the cargo is degraded. Accumulative data indicated that the UPR may induce autophagy and that it can alleviate the UPR or promote cell death [10, 11] . However, the detailed mechanism of interplay between autophagy and UPR remains to be fully understood. Activation of the double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum (ER) kinase (PERK)-eukaryotic translation initiation factor 2 alpha (eIF2α)-activating transcription factor 4 (ATF4) pathway upregulates the expression of a large set of autophagy genes. Functionally, autophagy promotes cell survival, increases energy supply, and mediates innate immune responses. Nevertheless, autophagy can also be associated with cell death and apoptosis, depending on the cell stress level.
Reactive Oxygen Species (ROS) is referred to oxygen containing reactive molecules and free radicals derived from metabolism of oxygen and is responsible for causing significant damages in the cell, increasing the intracellular amount of mitochondrial biogenesis or responses. These elevated ROS mediate adverse consequences in cells and have been linked to ER stress and the UPR [12] . In a stressed ER, dysregulated disulfide bond formation and breakage may result in reactive oxygen species (ROS) accumulation and cause oxidative stress [13] . This is followed by Ca 2+ release from the ER and mitochondrial ROS production creating a vicious cycle that impairs cellular homeostasis and induces apoptosis. Given the deleterious impact of oxidative stress induced during protein misfolding in the ER, eukaryotic cells have evolved antioxidative stress responses to restore cellular redox homeostasis. The PERK branch of the UPR induces antioxidative stress response genes, and is responsible for uncoupling mitochondrial protein 2 [14] . In settings of chronic and prolonged ER stress conditions, these mechanisms may lead to apoptosis induction [15] . The results obtained in the present study indicate that curcumin induced a chronic ER stress mediated cell death, and activated an orchestrated mechanism associated with cell cycle arrest, UPR, autophagy and oxidative stress response.
The identification of key differentially expressed proteins has been successfully applied to understand curcumin's effect on PCa by means of a gel-free shotgun quantitative proteomic analysis coupled with Tandem Mass Tag Isobaric Labeling. The results were validated using qRT-PCR, flow cytometry and western blotting. Results from these analyses provide insights into curcumin mechanisms and suggest that curcumin induced specifically a chronic ER stress mediated cell death in PC3. We speculate that curcumin induces apoptosis in PC3 by activating cell cycle arrest, oxidative stress and UPR.
Materials and methods

Cell culture
The PC3 cell line (ATCC) was derived from a bone metastasis from a grade IV prostatic adenocarcinoma patient. PC3 cells were cultured in complete F-12K medium supplemented with 10% fetal bovine serum (FBS, Invitrogen, Grand Island, NY) and 1% penicillin/streptomycin (Invitrogen) at a density of 5 x 10 4 cells/cm 2 in 75cm 2 culture flasks (BD Biosciences). Cells were maintained in a cell culture incubator at 37˚C in a humidified atmosphere with 5% CO 2 .
Prostate cancer cell (PC3) treatment with curcumin
Approximately 2 x 10 6 PC3 cells were seeded in 75-cm 2 culture flasks in supplemented F-12K medium, allowed to adhere for 24 hours, and maintained in a humidified atmosphere with 5% CO 2 and 37˚C. Curcumin was added at a concentration of 5 μg/ml, as previously published in collaboration with Kurapati et al. [16] . This concentration was chosen since it showed significant inhibition of colony formation in clonogenic assays at 5 μg/mL in PC3 cells. PC3 cells were incubated for 72 hours while control cells were treated with 0.4% (by volume) dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO) for 72 hours as previously described [17] . Curcumin was obtained from Sigma Aldrich and dissolved in DMSO at a concentration of 1mg/ml.
were measured by flow cytometry with a FACSCanto II (Becton Dickinson, San Jose, CA, USA). Data analysis was performed using FlowJo data analysis software v. 10 (Ashland, OR).
Gel-free isobaric labeling tandem mass tag quantitative proteomic profiling of PC3 cells treated with curcumin
Cell lysis and protein extraction. Cells were plated on 150 cm 2 culture plates at a cell density of 5 × 10 6 and treated the following day with 5 μg/ml curcumin for 72 h. Cells treated with DMSO were used as controls. Proteins were extracted with RIPA (1.5 M Tris pH 8.8, 1.75 g NaCl, 2 mL sodium dodecyl sulfate 10%, 2 mL Triton X-100; all reagents from Thermo Fisher Scientific, (Waltham, MA). The cells were incubated on ice for 30 min, followed by 5 min sonication and centrifugation at 20,000 rpm for 5 min in preparation for protein extraction. Protein concentration was calculated on microtiter plates by measuring the absorbance at 595 nm of samples containing Bradford reagent (Bio-Rad Laboratories, Hercules, CA) supplemented with phosphatase and protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN). Reduction, alkylation, and trypsin digestion. Aliquots with 100 mg of proteins from each sample were added to 100 ml of 200 mM triethyl ammonium bicarbonate TEAB (SigmaAldrich, St. Louis, MO). Reduction was performed by adding 5 ml of 200 mM tris (2-carboxyethyl) phosphine TCEP (Sigma-Aldrich, St. Louis, MO) to each replicate and incubating for 1 h at 55˚C. Alkylation was carried out by adding 5 ml of 375 mM iodoacetamide (Bio-Rad Laboratories, Hercules, CA) to each sample and incubating for 30 min at room temperature. After alkylation, 1 ml of pre-chilled acetone was added and precipitation was allowed to proceed for 3 h at 20˚C. Acetone-precipitated protein pellets were suspended in 100 ml of 200 mM TEAB and digested overnight at 37˚C with 2.5 μg of sequencing grade modified trypsin (Promega Corp., Madison, WI) as previously described [18] .
Isobaric labeling with tandem mass tag. The non-gel isobaric labeling Tandem Mass Tag (TMT) quantitative proteomic approach was performed as previously described in Burton et al, 2016 [18] . TMTs with varying molecular weights (126-131 Da) (Thermo Fisher Scientific, Waltham, MA) were used as isobaric labels to determine differential protein expression between PC3 control cells treated with DMSO (0.4%) and PC3 cells treated with 5μg/ml curcumin. According to the manufacturer's protocols, the six digested samples were individually labeled with TMT reagents as follows. Three control (DMSO-treated) samples, TMT-126 (batch 1), TMT-127 (batch 2), and TMT-128 (batch 3); and three curcumin-treated samples, TMT-129 (batch 1), TMT-130 (batch 2), and TMT-131 (batch 3). The labeled peptide mixtures were combined in equal ratios. The TMT-labeled peptide mixture was fractionated with a strong cation exchange SCX column (Thermo Fisher Scientific, Waltham, MA) on a Shimadzu 2010 high performance liquid chromatography (HPLC) equipped with an ultraviolet detector (Shimadzu, Columbia, MD) and a mobile phase consisting of buffer A (5 mM KH 2 PO 4 , 25% acetonitrile, pH 2.8) and buffer B (buffer A plus 350 mM KCl). The column was equilibrated with buffer A for 30 min before sample injection. A mobile phase gradient at a flow rate of 1.0 ml/min was set as follows: 1) 0~10 min: 0% buffer B; 2) 10~40 min: 0~25% buffer B; 3) 404 5 min: 25~100% buffer B; 4) 45~50 min: 100% buffer B; 5) 50~60 min: 100~0% buffer B; and 6) 60~90 min: 0% buffer B. Sixty fractions were initially collected, lyophilized, and combined into 10 final fractions based on SCX chromatogram peaks.
Desalination of fractionated samples. A C 18 solid phase extraction SPE column (Thermo Fisher Scientific, Waltham, MA) was used to desalt all collected fractions as previously described. Briefly, the 10 combined fractions were each adjusted to a final volume of 1 ml in a 0.25% trifluoroacetic acid (TFA) aqueous solution. The C 18 SPE column was preconditioned with 1 ml acetonitrile and eluted in approximately 3 min before it was rinsed with 3 × 1 ml 0.25% TFA. The fractions were loaded on to the top of the SPE cartridge column slowly, and were reloaded once again to decrease lost peptide during column binding. Columns were washed with 4 × 1 ml 0.25% TFA aliquots before the peptides were eluted with 3 × 400 μl 80% acetonitrile/0.1% formic acid (aqueous). The eluted samples were lyophilized prior to the liquid chromatography mass spectrometry LC-MS/MS analysis.
LC-MS/MS analysis. Peptides were analyzed on an LTQ-Orbitrap XL (Thermo Fisher Scientific, Waltham, MA) instrument interfaced with an Ultimate 3000 Dionex LC system (Dionex, Sunnyvale, CA). High mass resolution was utilized for peptide identification and high-energy collision dissociation (HCD) was used for reporter ion quantification as previously described [18] . Briefly, the reverse phase LC system contained a peptide Cap-Trap cartridge (0.5 × 2 mm) (Michrom BioResources, Auburn, CA) and a pre-packed BioBasic C 18 PicoFrit analytical column (75 μm i.d. × 15 cm length, New Objective, Woburn, MA) fitted with a FortisTip emitter tip. Samples were loaded onto the trap cartridge and washed with mobile phase A (98% H 2 O, 2% acetonitrile, and 0.1% formic acid) for concentration and desalting. Peptides were eluted over 180 min from the analytical column via the trap cartridge by using a linear gradient of 6 to 100% mobile phase B (20% H 2 O, 80% acetonitrile, and 0.1% formic acid) at a flow rate of 0.3 μl/min. The Orbitrap mass spectrometer was operated in a data-dependent mode in which each full MS scan (60,000 resolving power) was followed by six MS/MS scans where the three most abundant molecular ions were dynamically selected and fragmented by collision-induced dissociation with a normalized collision energy of 35% and subsequently scanned by HCD-MS 2 with a collision energy of 45% as previously described [18] . Only the 2+, 3+, and 4+ ions were selected for fragmentation by collision-induced dissociation and HCD. Database search and TMT quantification. The protein search algorithm SEQUEST was used to identify unique protein peptides using the Proteome Discoverer data processing software (version 1.2, Thermo Fisher Scientific, Waltham, MA). The ratios of TMT reporter ion abundances in MS/MS spectra generated by HCD from raw data sets were used For TMT quantification. Fold changes in proteins between control and treatment were calculated as previously described [18] .
Intracellular staining by flow cytometry
Cells were blocked for 10 minutes with 1% of BSA/PBS and incubated for 30 minutes in ice with the use of the rabbit polyclonal antibody against human cleaved caspase 3 (1:800) for experiments assessing cell death and p-eIF2α (1:100) for experiments assessing translational attenuation (Cell Signaling Technology, Danvers, MA). Cells were acquired and analyzed on a FACSCanto II and FlowJo software (TreeStar, Ashland, OR).
Cleaved caspase-3 sandwich ELISA
Quantification of cleaved caspase-3 was performed using the PathScan Cleaved Caspase-3 (Asp175) sandwich ELISA kit (Cell Signaling) according to manufacturer's recommendations.
Intracellular oxidative species
Intracellular oxidation levels were determined by 2',7'-dichlorodihydrofluorescein diacetate staining (H2DCFDA; Molecular Probes, Eugene, OR) which in the presence of intracellular ROS is oxidized to highly fluorescent 2 0 ,7 0 -dichlorofluorescein (DCF). After treatment with curcumin or DMSO, cells were incubated at 37˚C for 30 minutes with 1μM of HD2CFDA. 
Quantitative real-time PCR
SYBR green qRT-PCR gene expression assays was performed for Caspase-3 (CASP3) and Caspase-9 (CASP9) genes. Amplification was carried out in a Bio-Rad CFX96 Touch real-time PCR detection system (Bio-Rad, Hercules, CA) using the following program: 10 minutes at 95˚C, 50 cycles of 15 seconds at 95˚C, and 1 minute at the gene-specific annealing temperature. The gene-specific primers were: CASP-3 forward 5'-AAATGAATGGGCTGAGCTGC-3'; CASP-3 reverse 5'-GCGTATGGAGAAATGGGCTG-3'; CASP-9 forward 5'-AAGTGACCCT CCCAAGTAGC-3'; CASP-9 reverse 5'-GAGACCTAACCTCCCTGAGC-3'. The gene expression level was defined as the threshold cycle number (CT). Mean fold changes in expression of the target genes were calculated using the comparative CT method (RU, 2-ΔΔCt). All data were controlled for the quantity of RNA input by 18S forward 5'-GGCCCTGTAATTGGAAT GAGTC-3'; 18S reverse 5'-CCAAGATCCAACTACGAGCTT -3' serving as the endogenous control and for normalization.
performed using two-way ANOVA and unpaired t-tests, as appropriate, by means of GraphPad PRISM v6.03 statistical software (GraphPad Software, La Jolla, CA). p<0.05 was considered statistically significant.
Results
Proteomic profiling of PC3 cells treated with curcumin: A TMT isobariclabeling quantitative gel free proteomic approach
The differential expression of proteins between untreated (0.4% DMSO) and treated (5 μg/ml curcumin) PC3 cells was determined based upon an isobaric labeling, TMT, quantitative proteomic approach for further validation and identification of novel proteins. Comparative quantitative proteomics identified over 926 proteins (S1 Table) in control and treated PC3 cell lysates, out of which 330 proteins were differentially expressed. Proteins with a statistically significant fold change ! 1.2 or -1.2-fold were considered differentially expressed. The detailed information including gene symbol, gene name, fold change, p value, molecular weight and calculated pI are shown in Table 1 . Because it was not feasible to discuss all identified proteins (926), the selection criteria were based on significance in terms of fold change. Curcumin-treated PC3 cells expressed 146 upregulated and 184 downregulated proteins when compared with control PC3 cells (treated with DMSO). Of the identified proteins upregulated by curcumin figure ER stress markers such as GRP78 (Glucose Regulated Protein 78kDa or HSPA5) and PDI. These two proteins need special mention since they are involved in sensing and respond to the accumulation of unfolded or misfolded proteins in the ER. GRP78 and the PDI family were upregulated by 1.69 and !1.25-fold respectively as determined by the TMT 6-plex quantitation method. Curcumin treatment led to the upregulation of several ER stress markers and chaperones such as HSPA9 and ERP29 with significant fold change levels of 1.19 and 1.27, respectively in PC3 cells. Among other upregulated proteins related to ER stress figure eukaryotic translation initiation factor 2A (EIF2A), with a significant fold change of 1.25, and the ER stress pro-apoptotic protein calnexin (CANX) [19] , which was significantly increased to 1.19-fold relative expression in the curcumin-treatment group as compared to control ( Ã p 0.05; n = 3) ( Table 1 ). The differentially expressed proteins included downregulated antioxidant markers such as peroxiredoxin 6 (PRDX6) and protein DJ-1 (PARK7) with significant fold changes of -1.39 and -1.51, respectively, correlating with the upregulation of reactive oxygen species markers such as annexin A1 (ANXA1) [20] and sulfiredoxin-1 (SRXN1), with fold changes of 1.45 and 1.38, respectively, in curcumin-treated PC3 cells. Furthermore, curcumin altered the expression of pro-apoptotic markers (annexin A5, PGRMC1 and vimentin), antiapoptotic protein signatures (Inorganic pyrophosphatase and VAMP-associated protein A); cell cycle, migration and proliferation proteins (cyclin-dependent kinase 1, heat shock protein HSP 90-alpha and beta, endoplasmic reticulum protein 29, Ras-related protein Rap-2b, PPP1CA); endoplasmic-reticulum-associated degradation (ERAD) activation (PMPCA, PSMB2, PSMC1, PSMD2); oxidative stress regulators (PARK7, PDZ and LIM domain protein 1, sulfiredoxin); cytoskeleton and transport proteins (vimentin, profilin, myosin, dynamin, destrin, filamin B, tubulin and transmembrane emp24) and autophagy related proteins (Rab GDP dissociation inhibitor beta, protein DJ-1 and ubiquitin-like modifier-activating enzyme 1) in PC3 cells.
Curcumin extract reduces cell viability and induces a cell cycle arrest in PC3 cells
As previously reported by Kurapati et al. [16] , C. longa showed significant inhibition of colony formation in clonogenic assays at 5 μg/mL in PC3 cells, a dose we chose in our assays. The confluency of the PC3 cell line was evaluated for changes in response to treatment with curcumin compared to DMSO. At 72 hrs, cells treated with 5 μg/ml of curcumin diminished their confluency when compared to DMSO (Fig 1A) . To further evaluate the cytotoxicity of curcumin extract in PC3, a 7AAD assay was performed. Our results confirmed that curcumin induces approximately 40% of cell death vs 5% in DMSO (Fig 1B, p value 0.03). We evaluated the cell cycle effect induced by curcumin in PC3 cells, since the quantitative TMT proteomic profiling revealed differentially expressed cell cycle proteins. Cell cycle analysis revealed that curcumin treatment induced a cell cycle arrest at the G1 phase. The percentage of cells arrested in G1 was significantly higher in curcumin than DMSO (Fig 1C, p value 0 .0020). The G0 peak was also increased under curcumin treatment and the percent of cells greater than G2/M was significantly higher in DMSO (p value 0.0002). These results suggest that curcumin not only induces a cytotoxic effect in PC3 cells but can also deregulate the cell cycle by promoting a G0/G1 arrest.
Curcumin induces the upregulation of pro-apoptotic markers in PC3 cells
To confirm the apoptotic curcumin-induced protein alterations obtained by the quantitative proteomic results (Table 1) , caspase dependent pro-apoptotic expression was evaluated to assess other cell death signaling mechanisms. Protein expression of cleaved caspase 3, an apoptotic effector protein, was evaluated using flow cytometry analysis. Approximately 17% of cells treated with curcumin exhibited cleaved caspase 3 expression when compared to 1% in DMSO (Fig 2A, p value 0.036) . To validate the flow cytometry data, an ELISA assay on cells treated with curcumin or DMSO was assessed. Curcumin treated cells exhibited higher expression of cleaved caspase 3 when compared to DMSO (Fig 2B) . The un-cleaved expression of caspase 3 was evaluated by qRT-PCR with a result of nearly 1.7-fold vs 1.0 in DMSO and a p-value 0.021 ( Fig 2C) . Caspase 9 activity was measured as a caspase initiator and upstream processor of effector caspase 3 with further apoptotic propagation. Curcumin treated cells showed an increase of 1.93-fold over DMSO (Fig 2D) . Correspondingly, Poly (ADP-ribose) polymerase (PARP), a programmed cell death effector, had significantly higher expression upon curcumin treatment when compared to DMSO by means of western blot (Fig 2E, p value 0.0107). In order to further correlate the quantitative proteomic data, caspase 12 expression, a central player in ER stress induced apoptosis and cytotoxicity [21] was evaluated. Curcumin PC3 treated cells induced a significantly higher expression of caspase 12 when compared to DMSO, with a peak percent in the range of 75% vs. 25% in DMSO (Fig 2F, p 
Curcumin-induced the up regulation of ER stress markers in PC3 cells
In order to validate the ER stress curcumin-induced protein alterations obtained by the quantitative proteomics results (Table 1) , cell extracts from curcumin-treated cells were analyzed by flow cytometry and western blotting. As depicted in Fig 3, curcumin treatment resulted in the upregulation of common ER stress markers GRP78, inositol-requiring enzyme 1 (Ire1α) and calreticulin ( Fig 3A-3C , p value 0.0064, 0.0056 and 0.0004 respectively). Expression of peIF2α, a regulator in the transient translation attenuation and in the induction of apoptosis, was evaluated through flow cytometry analysis. Curcumin induced the expression of p-eIF2α by nearly 12% when compared to 6% in DMSO (Fig 3D, p value 0.0455) . These results suggest that curcumin may be inducing cell death through the ER stress upstream PERK/eIF2α/ ATF4 pathway in PC3 cells. Evidences suggest that ER stress can play a key role in autophagy regulation and oxidative stress [13, 22] . To further validate the quantitative proteomics results (Table 1 ), curcumin's role in promoting cell death mediated chronic ER/oxidative stresses and autophagy responses were evaluated. Upon curcumin treatment, cells were exposed to 1μM of HD2CFDA for 30 minutes to determine intracellular oxidation levels. PC3 cells treated with curcumin had nearly 70% of HD2CFDA positive cells when compared to approximately 35% cells treated with DMSO, with a p value 0.0016 ( Fig 4A) .
It is generally accepted that ROS induce autophagy [23] , considered as a tumor suppressor mechanism by preventing ROS accumulation through elimination of damaged mitochondria. However, under prolonged or severe ER stress, apoptosis can be prompted by autophagy. To evaluate if curcumin induces autophagy, PC3 cells were treated with 5μg/mL curcumin for 72 hours and stained with acridine orange (Fig 4B) . Induction of autophagy by curcumin was indicated by increased acridine orange staining due to lysosomal acidity. To confirm curcumin-induced autophagic activity, western blotting technique was used by assessing LC3B expression, a common autophagic marker. An increased level of LC3B expression with a peak percent in the range of over 80% was detected in curcumin treated PC3 cells when compared to approximately 15% in DMSO (Fig 4C, p value 0.0001) .
Overall, these findings, together with the results described above, correlate with the upregulation of pro-apoptotic markers PARP and caspases 3, 9 and 12, that in turn support this study hypothesis, indicating that curcumin induces a chronic ER stress mediated cell death and activates cell cycle arrest, UPR, autophagy and oxidative stress responses.
Discussion
Anti-cancer therapies, such as chemotherapy and radiation, among others, have been shown to be aggressive approaches for treating cancer. In this study, nearly 50% of cells treated with 5 μg/ml curcumin lost viability in highly metastatic prostate cancer cells (PC3). Curcumin inhibited the growth of PC3 cells and induced a chronic ER stress and oxidative species dependent responses promoting cell death. Accumulation of misfolded proteins in the ER can disrupt ER function resulting in ER stress. The Unfolded Protein Response (UPR) functions as a cytoprotective mechanism aimed at decreasing the levels of unfolded proteins and coordinating the induction of ER chaperones with decreased protein synthesis and cell cycle growth arrest in the G1 phase. UPR activation of PERK may result in translational repression of cyclin D1, a protein required for cell cycle progression through the G1 phase, via eIF2α phosphorylation [24] . The cell cycle analysis depicted in Fig 1C revealed that curcumin caused a G0/G1 phase cell cycle arrest in PC3. Furthermore, the isobaric TMT labeling-based proteomic quantification revealed that ERp29 was overexpressed in curcumin treated cells. ERp29 is linked to PERK activation and eIF2α phosphorylation resulting in cell cycle inhibition and tumor suppression [25] . Not surprisingly, quantitative proteomic results indicate that CDK1, a key regulator of cell division, migration and inducer of mitotic cell cycle progression, was downregulated to possibly prevent cell proliferation and promote apoptosis [26, 27] . Moreover, PPP1CA, regulator of cell cycle progression and proliferation, was downregulated by -1.35-fold in curcumin treated cells [28, 29] . Thus, our results suggest that curcumin induced an UPR prompting G0/G1 cell cycle arrest.
Recent developments in the literature have demonstrated that the UPR is an important mechanism required for cancer cells to maintain malignancy. Cancer cells can adapt to ER stress and evade stress-induced apoptotic pathways by activating the UPR branches [30] . During acute ER stress, chaperone proteins are activated to correct misfolding and re-establish cellular homeostasis through the activation of the ER-associated degradation pathway. On the other hand, chronic ER stress causes UPR-mediated apoptosis. Data obtained from the quantitative proteomics TMT analysis were consistent with the cytotoxic evidence, demonstrating a strong correlation between ER stress and apoptotic markers. The proteomic data reveals that GRP78, a key ER stress marker, was upregulated in PC3 curcumin treated cells. GRP78 is a resident ER protein responsible for the regulation of the proper refolding of misfolded proteins [31] . The importance of this chaperone is directly linked to activation of the three transmembrane UPR signaling initiators: PERK, IRE1, and activating transcription factor 6. Another ER stress chaperone marker, PDI, was significantly upregulated at a fold change of 1.25 after curcumin treatment and as identified by TMT quantitative proteomics data. The PDI superfamily can act as molecular chaperones, protein-binding partners, hormone reservoirs and recently, have been implicated in the apoptotic signaling pathways [32] . Other important ER stress markers, such as calreticulin were validated through western blot analysis. This chaperone is involved in protein folding and Ca 2+ homeostasis in the ER and can act as a proapoptotic protein under stress conditions [33] . If homeostasis cannot be reinstated by the previously mentioned pathways, the cells resort to activation of apoptosis. Another indispensable pathway involved in cellular homeostasis is the PERK-eIF2α signaling. Phosphorylated eIF2α was significantly upregulated when compared with control conditions. Upon UPR activation, eIF2α is phosphorylated by PERK to produce signaling that halts the translation of proteins in order to prevent misfolded proteins accumulation. The upregulation of eIF2α in curcumin-treated cells, suggests activation of the UPR-associated PERK pathway. Additional evidence for UPR activation is the deregulation of proteasomal proteins PMPCA, PSMB2, PSMC1 and PSMD2, demonstrating ERAD activation [34] . Under chronic ER stress settings, PERK phosphorylates eIF2α leading to the expression of transcription factor ATF4 through the PERK-eIF2α pathway. ATF4 induces the transcription of C/EBP homologous protein (CHOP, also known as GADD153) subsequently activating caspase 12 [21] . Given the important role of caspases as effector molecules in various forms of cell death including curcumin-induced apoptosis, the ability of these anti-cancer agents to trigger caspase activation was evaluated. Caspase 12 upregulation appears to be a critical determinant of curcumin cytotoxic effect on PCa, since caspase 12 activation is an indicator of ER-stress-induced apoptosis. As extensively discussed in the literature, upon activation, caspase 12 may cleave caspase 9, which in turn activates the effector caspase 3 [35] . Caspase 3 may then cleave poly (ADP-ribose) polymerase-1 (PARP-1), involved in DNA damage and induction of programmed cell death [36] . Our results showed significantly increased expression of nearly all the proteins involved in PERK pathway such as peIF2α, caspase 12, 9, 3 and PARP, indicating that curcumin induced apoptosis via ER-stress.
Another master regulator in cell fate determination under ER stress, IRE1, is known to initiate apoptosis via splicing of the transcription factor XBP1 and through Regulated IRE1-Dependent Decay (RIDD) activation [37] . IRE1α upregulation, supports the hypothesis that curcumin induces ER stress mediated cell death in PC3. Likewise, the downregulation of anti-apoptotic proteins (inorganic pyrophosphatase (PPA1) and vesicle-associated membrane protein-associated protein A or VAPA) and promoting pro-apoptotic proteins, such as annexin 5 and PGRMC1 similarly lead to cell death. PPA1 enzyme has been implicated in cell survival and is essential for controlling cellular levels of inorganic pyrophosphate. Moreover, it has been proven that PPA1 silencing significantly increase cell apoptosis [38] ; while, VAPA has been demonstrated to protect cells against stressinduced apoptosis. On the other hand, pro-apoptotic annexin 5, localized in the mitochondrial outer membrane, may undergo a conformational change to activate caspase 3 signaling, leading to apoptosis. Based on the quantitative proteomic data, nearly all cytoskeletal proteins (tubulin, profilin, myosin, dynamin and destrin) were downregulated in curcumin treated PC3 cells, possibly during apoptosis as demonstrated by previous evidences [39, 40] . Our findings reaffirm that the cytoskeletal reorganization plays a crucial role in cell homeostasis maintenance and execution of cell stress responses. Protein folding and chaperones ensure that only properly folded proteins exit the ER compartment. Consequently, ER calcium, alteration in the redox status or generation of ROS, and energy deprivation can affect protein folding mechanisms and ER homeostasis [41] . Both ER and oxidative stresses, through ROS generation, may prompt apoptosis under chronic stress conditions. Table 1 showed significant upregulation of oxidative stress regulators sulfiredoxin, PDZ and LIM domain protein 1, while peroxiredoxins and DJ-1 (PARK7) proteins known to lessen oxidative damage, were downregulated. Studies demonstrate that these two proteins act as protective mediators to prevent ROS-induced apoptosis [42, 43] . Imbalances between ROS and antioxidant molecules, however, result in oxidative stress. Malignant cells depend on these antioxidant mechanisms for survival as they transform, and their oncogenic activity rely on their ability to increase a cell's resistance to ROS [44] . Intracellular ROS detection by H2DCFDA showed an increased activity of oxidative species in curcumin treated cells when compared to DMSO, confirming that curcumin induced ROS and contributed to oxidative stress. Our findings establish that ROS played as an activator of cell death, since increased levels of ROS were observed while antioxidants expression was downregulated in curcumin treated cells. Subsequently, oxidant species accumulation can contribute to irreversible damage to biomolecules leading to apoptosis. These results suggest that curcumin orchestrates an apoptotic mechanism against prostate cancer cells by an ER and oxidative stress-induced apoptosis.
Autophagy, a major catabolic process which degrades and recycles proteins by engulfing autophagic substrates, can be triggered by the UPR as misfolded proteins and ROS accumulate [10] . Elevated levels of ROS activate PERK-eIF2α pathway for autophagy induction [45] . Additionally, oxidation modification results in the formation of LC3-associated autophagosomes. Curcumin induced increased expression of the LC3B autophagic marker when compared to DMSO treated cells. Moreover, Rab GDP dissociation inhibitor beta (GDI2), general regulator for the membrane association of RAB proteins, was downregulated. Similar to previous observations, deregulation of GDI2 affects the activation of RAB protein, key protagonists in autophagosome formation and maturation [28, 46] . Results obtained with acridine orange staining further validate curcumin's effect on the increased autophagic activity. Cells deficient in DJ-1 (PARK7), a protein known to act in the regulation of mitochondrial function and autophagy have been shown to increase LC3 puncta and to induce higher levels of ROS [47] . Table 1 reveal that curcumin treated cells showed a DJ-1 deficiency. This could lead to multiple mitochondrial abnormalities, including decreased membrane potential, fragmented mitochondria and reduced connectivity, consequences of oxidative stress [47] .
The cross-talk of ER and oxidative stress autophagic mediated apoptotic signaling observed in curcumin treated PC3 cells is shown in Fig 5. This proposed model highlights the differentially expressed proteins identified by the quantitative TMT isobaric labeling proteomic analysis and validated by qRT-PCR, western blot and flow cytometry. The upregulated proteins (upward arrows) were shown to be involved mainly in ER and oxidative stress mechanisms, autophagy, cell cycle arrest and apoptosis in curcumin treated cells. Furthermore, the results obtained suggest that ER stress proteins GRP78, PDI, calreticulin together with a set of chaperones, played a key role to activate and prompt this pro-apoptotic mechanism in PC3 cells. Moreover, curcumin induced a caspase dependent pro-apoptotic response as validated by qRT-PCR analysis. Downregulation of apoptotic proteins (downward arrows) support the anti-apoptotic/survival response obtained in DMSO treated PC3 cells. Collectively, these data provide a plausible mechanistic rationale for curcumin role in modulating major targeted cell signaling pathways subsequently activating cell death signals inducing apoptosis in prostate cancer cells.
To our knowledge, this study is the first integrated gel-free shotgun quantitative proteomic mass spectrometry-based analysis coupled with Tandem Mass Tag isobaric labeling-based-signaling on the effect of curcumin in prostate cancer. Curcumin acted as a potent cancer growth suppressive and cytotoxic agent in PC3, via the impairment of multiple signaling mechanisms, including chronic ER stress mediated pro-apoptotic pathways. Our dataset provide insight into targets and mechanistic strategies of the anti-cancer effect of curcumin and will serve as a useful resource for future studies. 
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